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Abstract 

The expression of specific cytokeratin (CK) polypeptide patterns is a sensitive marker of the cytoskeletal differentiation of epithelial 
cells We developed an irnmunohistochcmical method to assess CK expression patterns in the rat respiratory tract using senal paraffin- 
embedded sections from the nasal cavity, trachea, and- lung. In the present study, this method was used to detect exposure-rrJaicd 
differences in CK expression patterns in adult Wisiar rats following inhalation of room-aged sidestream smoke (11 mg total particulate 
matter/m’ air. 8 days. 12 hr/day. whole body). In the anterior nasal cavity level l (NLl), changes in CK expression patterns were 
observed in the respiratory epithelium of the lateral wall and the maxilloturbinatc (CK)4. CK1S. and CK18) and in the squamous 
epithelium of the ventral meatus CCK13). At nasal cavity level 2 ( NL2). immediately behind NLl. changes were observed in the 
olfactory epithelium (CK13. CK14. and CKJ8) and in the respiratory epithelium of the septum (CK7 and CK19). the lateral wall 
(CK7 and CKI3). and the lateral aspect of the maxilloturbinaie (CKI4). Changes were also observed in the submucosal glands, 
nasolacrimal duct, and vomeronasal organ In the trachea only CK7 expression changed, and in the lung expression of CK7 (bronchioli) 
and CK8 (bronchus) changed; the expression of other CK polypeptides did not change. The observed changes in CK expression at 
NLl correlated with the histomorphological changes, whereas CK expression changes were also seen in the olfactory and respiratory 
epithelia at NL2 and in the trachea and lung, where no hisiomorphologicaJ changes were seen. These findings indicate that changes 
in CK expression in respiratory tract epithelial cells are a sensitive marker for cellular stress response 

Keywords. Environmental tobacco smoke: cytoskeleton. cellular stress response; histopaihology; imrounoht&iocheTrtJstry: nasal 
cavjtv. trachea; lung 


Introduction 

Cytokeratins (CK) are the hallmarks of epithelial dif¬ 
ferentiation (11). Changes in CK expression patterns 
have been associated with a variety of neoplastic and 
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nonneoplastic diseases (12, 24. 25). The aim of our in¬ 
vestigation was to show that changes in CK expression 
can be used as a sensitive biomarker (16) complemen¬ 
tary to conventional histopathology in inhalation studies 
to detect exposure-related differentiation changes, e.g.. 
indicating cellular stress response for short-term expo¬ 
sure or characterizing preneoplastic and neoplastic 
changes for chronic exposure. In the rat respiratory tract. 
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Fie. 1.—Experimental setup for RASS exposure of rats. 
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Table 1.—Hisiopathological findings ;n the rat respiratory epithelium 
ai NLI. 


AJieralions 

Score 


^ Animals 


Reserve cell 

hyperplasia 

Squamous metaplasia 

Control 

Exposed 

Control 

Exposed 

None 


100 

0 

100 

0 

Slight 

1 

0 

0 

0 

0 

SI ight/moderate 

2 

0 

J00 

0 

too 

Vloderate 

} 

0 

0 

0 

0 

M odera t e/ mar ked 

4 

0 

0 

0 

0 

Marked 

5 

0 

0 

0 

0 


Table II—Antibody panel for the detection of rat cyiokeratins in 
paraffin-embedded sections. 


Specificity" 


Antibody 

Supplier 

Human CK 4 

Rat CK 

KsI8.04 

Progen 

18 

18 

lloo: 

BjoGenex 

14 

J4 

CK-E3 

Sigma 

17 

19 

Ksl3.1 

Progcn 

13. (14. 161 

13. 113) 

Ks8 1 

Progen 

8 

B- 

ksS.12 

Sigma 

13. (15). 16 

13. 13 

6B)0 

Sigma 

4 

4 

Rs&.fiO 

Sigma 

(1). 10. 11 

1 . 10/lt 

OV-TL 1200 

BioGcnex 

7 

7 


•'Numbers in parentheses indicate weak reactivity 
A As given b> supplier and literature 
As determined by imrnunobioiung (2?I 
■> \fccak on nasal cavity sections 

CK expression changes have been reported for the lung 
following bleomycin injury (40) and irradiation (19) and 
in the trachea preceding and accompanying squamous 
metaplasia induced by vitamin-A deprivation (13). 
Moreover. CK labeling was used to identify the key role 
of basal cells in the remodeling of the rat nasal olfactory 
epithelium after methyl bromide injury (17). 

Our objective was to investigate changes in CK ex¬ 
pression patterns in the epithelial lining of the rat re¬ 
spiratory tract following short-term inhalation exposure 
of rals to room-aged sidestream smoke (RASS) and to 
correlate such changes with classical hisiomorphological 
changes. RASS was used as an experimental surrogate 
for environmental tobacco smoke (ETS) (37). ETS is a 
highly diluted mixture of sidestream smoke and exhaled 
mainstream smoke (10). It undergoes chemical and 
physical changes in composition due to aging, e.g., by 
contact with various surfaces over time (7. 8, 37). In the 
present study, RASS was dynamically generated by ag¬ 
ing fresh sidestream smoke from the standard reference 


cigarette 1R4F for 0.5 hr (mean age) in a room with 
noninert surfaces under controlled conditions. Rats were 
exposed to RASS at a total paniculate matter (TPM > 
concentration of 11 p.g/L This concentration is similar 
to that m published investigations using a different ETS 
surrogate, aged and diluted sidestream smoke (ADSS). 
with TPM concentrations reaching 10 p.g/L (1.5, 6). 
whereas the reported upper limits of typical ETS con¬ 
centrations are up to 100 times lower (4, 9, 14). 

Within the context of a series of investigations on 
subchronic and chrome effects of RASS in the rat model 
(Haussmann et al. in preparation), we recently devel¬ 
oped an immunohistochemica! method to investigate 
comprehensive CK expression patterns in routine par¬ 
affin-embedded sections from rat respiratory tract tis¬ 
sues using a panel of monoclonal antibodies (mAbs) 
with defined specificity for rat CK (27). Using this tech¬ 
nique, we described in detail the comprehensive CK ex¬ 
pression patterns at various sites of the respiratory trac! 
of sham-exposed rats, i.e., nasal cavity, larynx, trachea, 
and lung (26). In the present paper, we report on the 
quantitative and qualitative alterations of CK expression 
patterns at nasal cavity, trachea, and lung following 
RASS exposure and the correlation of these immunoh- 
istoiogical observations with findings obtained using 
conventional histopathology. 

Materials and Methods 

Animals and Animat Care 

Sixteen nonpregnant and nuUiparous female outbred Wis- 
tar rats (Crl:(Wl)WU BR), bred under specified pathogen- 
free conditions, were obtained at 5 wk of age from Charles 
River Wiga (Sulzfeld, Germany). The rats were housed (2 
per cage) in polycarbonate cages with sterilized softwood 
granulate bedding. These rats were from a satellite group 
that was part of a larger long-term study in which only 
female rats were exposed to smoke. During the exposure 
days, rats were housed in stainless steel wire mesh cages 
located in whole-body exposure chambers, 24 cages per 
chamber, during both exposure and nonexposure periods. 
Excretion pans underneath the cages were used for waste 
product disposal. In the animal housing rooms, the temper¬ 
ature was maintained at 22 - 1°C with a relative humidity 
of 55 ± 7%. Light/dark cycle was 14 and 10 hr, starting at 
7:00 am. Water from sterilized drinking bottles and auto¬ 
claved fortified diet (Eggeramann KG, Rinteln, ER.G.) were 
provided ad libitum: however food was not provided during 
exposure. The rats were exposed to filtered (class S) con¬ 
ditioned air (12-15 changes/hr) for 28 wk prior to exposure. 


Table IIJ—Individual scores for immunohisiologicaJ evaluation of rat tissues’ 


Cnlcnor 

Score 

Term 

Description 

Intensity 

0 

no reaction 



1 

weak 

only detectable at higher magnification (x40) 


2 

distinct 

already detectable at lower magnifications, still transparent 


3 

intense 

opaque, red to brown staining 

Distribution 

0 

none 



i 

focal 

up to approximately 35% of this cell type ts stained in the observation area 


2 

patchy 

approximately 15-85% of this celt type is stained in the observation area 


3 

diffuse 

approximately 83— 100% of this cell type is stained in the observation area 
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Fig. 2. —Histological and Lmmunohistological examples. NLl in rats The squares indicate the approximate Localization of the image fields, a) 
Control rat. lateral wall, normal respiratory cuboidai epithelium. H&E stain, b) RASS-exposed rat. lateral wall, reserve cell hyperplasia and squamous 
metaplasia. H&E stain. c> Control rat. same site as tai. CK15 staining on consecutive section, d) RASS-exposed rat. same site as (b). CK.13 staining 
on consecutive section, e) Control rat. lateral wall, normal respiratory cuboidai epithelium, H&E stain, f) RASS-exposed rat. lateral wall, reserve 
cell hyperplasia and squamous metaplasia. H&E stain, g> Control rat. same site as (a), CK14 staining on consecutive section, h) RASS-exposcd 
rat. same sue as fb). CKI4 staining on consecutive section, i) Control rat VNO. normal nonsensory epithelium. H&E stain, j) RASS-exposed rat, 
VNO. normal nonsensory epithelium, H&E stain, k) Control rat. same site as <i). CK19 staining on consecutive section. 1) RASS-exposed rat, same 
site as (j). CK19 staining on consecutive section. 
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Flo -4 —Irnmunohistological examples, trachea and lung in rats The squares indicate the approximate localization of the image fields, a) Control 
rai. tracheal cpilhehum. CKI5. bl RASS-cxposed raL tracheal epithelium. CKI5. c) Control rat. lung, bronchial epithelium. CK8. d) RA5S-txposed 
rat, bronchial epithelium. CK8 el Control rat. bronchiolar epithelium. CK7. f) RASS-exposed rat. brorchiolar epithelium. CK7 


Cane and use of the rats was in accordance with the policy 
of the American Association for Laboratory .Animal Sci¬ 
ence 

Generation of RASS and Inhalation Exposure 

Fresh sidestream smoke (SS) was generated from the 
1R4F standard reference filter cigarette (University of 
Kentucky) using a 30-port INBIFO smoking machine 
modified for SS collection; smoking was performed in 
basic conformity with ISO 4387 (1991) and ISO 3308 
(1991). SS was diluted and continuously conveyed via 
an epoxy-coated duct into an aging room approximately 
30 m-' in volume (see Fig. 1) The surfaces consisted 
mainly of wall paper painted with emulsion paint and 
polyvinyl chloride flooring. The aging room was 
equipped with 2 heat exchangers to maintain a constant 
temperature and a ceiling fan for continuous mixing of 
the smoke. The mean smoke age of RASS was 30 min, 
at 2 air changes/hr. RASS generation was started at least 
2.3 hr (required to reach 99% of the equilibrium con¬ 
centration) before the start of the daily exposure. During 
nonexposure periods, the room was flushed with fresh 
air 


RASS was drawn from the aging room through the 
exposure chamber (Fig. 1). The whole-body exposure 
chambers were approximately 0.8 m' in volume, were 
made of glass, aluminium, and stainless steel, and were 
equipped with 24 stainless steel wire mesh cages situ¬ 
ated above stainless steel excretion pans. Two groups of 
8 female rats were whole-body exposed for 12 hr/day, 
5 days/wk, for 8 days to filtered conditioned air (sham- 
exposed control group) or to RASS having the following 
mean concentrations: TPM. 11.1 ± 0.4 mg/m-', carbon 
monoxide, 52-7 ± 1.1 ppm (mean tt SD; daily deter¬ 
minations), and nicotine, 1.9 mg/m' (mean. 2 determi¬ 
nations). Details of RASS generation and inhalation ex¬ 
posure are available elsewhere (Haussmann et al, in 
preparation). 

Necropsy and Routine Histopathoiogy 

Details of the procedures and the defined section lev¬ 
els are given elsewhere (26). Tissues were removed and 
fixed in formaldehyde-containing fixatives: nasal cavity 
in neutral buffered fonn&iin solution followed by de¬ 
calcification in nitric acid, and lungs with larynx and 
trachea in ethanol/acetic acid/formaldehyde/saline (15). 
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Tissues were dehydrated and embedded in Parapiast. 
Approximately 15 serial sections at 5 y,m thickness from 
each level were obtained and mounted on adhesive 
slides (Super-Frost Plus, Menze! Glas, Braunschweig, 
F.R.G.). The first section of each series was stained with 
hematoxylin and eosin (H&E). and the second sections 
of nasai cavity level 1 (NL1). trachea, and left lung were 
stained with AJcian blue/periodic acid-Schiff’s reagent 
stain for histopathological examination. The other sec¬ 
tions of the series were used for immunostaining with 
the various CK-specific antibodies. 

Histopathological Examination 

The hisiopathological examination of H&E-$tained 
slides was conducted in a blind fashion, i.e., without 
knowledge of the treatment groups. A standardized dic¬ 
tionary of criteria was used to provide a uniform de¬ 
scription of results. A defined numerical scoring system 
was used to describe the severity of lesions based on a 
subjective impression of the degree of alteration (see 
Table I). For the Severity of the alterations, parameters 
were taken into account such as the thickness or number 
of cell rows, the proportion of cells of each type present, 
and number of lesions present in a section. 

Immunohistologica! Procedures and Evaluation 

Details of the immunostaining procedure and the in¬ 
dividual scoring are given elsewhere (26). Paraffin-em¬ 
bedded sections were dewaxed and tmmunostained fol¬ 
lowing antigen retrieval by protease or microwave treat¬ 
ment using an antibody panel with defined specificity 
for rai CK (27) (Table II) For the evaluation, the epi- 
thelia present on the various sections were divided into 
defined evaluation compartments (26) Within each 
compartment, individual scores were given for each dis¬ 
tinguishable cell type using 4-stage scores (Table III) for 
the staining intensity and the relative distribution of the 
stained vs the unstained cells of this type. All immu- 
nohistologicai evaluations were reviewed by a veteri¬ 
nary pathologist. 

The results are presented as bar graphs including the 
arithmetic mean and standard error. For statistical com¬ 
parison between the RASS-exposed and the sham-ex- 
posed group, the generalized Cochran-Mantel-Haenszel 
(CMH) test (20) was used; the values for intensity score 
and distribution were tested separately and in combi¬ 
nation. For all findings that were significant, the slides 
were reviewed to ascertain that the differences were not 
biased by atypical size or structures due to cutting, e g., 
very small vomeronasal organ (VNO) in a caudaily lo¬ 
calized nasal cavity level 2 (NL2) section 


To demonstrate the reproducibility of the staining and 
evaluation procedures, 2 types of comparisons were per¬ 
formed. To evaluate section-to-section reproducibility, 
an additional serial section (no, 11) of NL2 from the 8 
control rats in our chronic inhalation study was stained 
(mAb LL002) and evaluated by a different person 16 
mo after the original evaluation (section no 15). To 
evaluate interexpenmem reproducibility, the results ob¬ 
tained, from staining NL2 sections from the 8 control 
rats in the present study were compared with the results 
obtained from staining corresponding NL2 sections from 
rats m the chronic inhalation study (the evaluation dates 
were 22 mo apart). The mean scores for intensity and 
distribution were tested for significant differences be¬ 
tween the corresponding evaluations using the CMH 
test. 

Microphotographic images were recorded using a 0.5- 
mch 3-chip charge-coupled device video camera (Sony 
DXC930P) and were digitized using the Kontron KS300 
image analysis system (Zeiss, Jena). 

Results 

Histopathology 

In the nasal cavity, histomorphological changes were 
observed exclusively at NL1 (Table 1): ail 8 exposed rats 
had siightrmoderate reserve cell hyperplasia and squa¬ 
mous metaplasia of the respiratory epithelium at the 
maxilloturbinate. lateral wall, and nasoturbinale (Fig. 
2a, b, e, f). There were no abnormal findings in the 
sham-exposed control rats. At NL2 and in the trachea 
and the lung, no histomorphological changes were ob¬ 
served. 

CK Immunohistology 

Examples of the immunohistological appearance of 
NLI. NL2, and the trachea and lung are shown in Figs. 
2-4. The results of the detailed evaluation of CK ex¬ 
pression patterns and the statistical comparison are giv¬ 
en in Figs. 5-8; all significant changes following ex¬ 
posure to RASS are summarized in Tables IV-VI. For 
the nasal cavity, the evaluation areas in which the alter¬ 
ations occurred are schematically represented for each 
antibody (Fig. 9) 

CK Changes Correlated with Histomorphological 
Changes. At NLI, the most pronounced alterations were 
seen for CK14 and CK15 at the sites where hyperplasia 
and metaplasia were observed. CK14 was enhanced in 
basal cells and newly expressed (distinct/focal to 
patchy) (Fig. 2g, h) in nonciliated Cells of the maxillo¬ 
turbinate, lateral wall, and tips of the nasoturbinate 
(evaluation areas D and E) No alterations in CK14 ex- 


Fig. 5—RASS-induced CK expression changes at NLI in rats The mean values and standard errors arc given for the intensity scores (positive 
columns) and staining distribution (negative columns) of each cell type in each epithelial evaluation area. Asterisks indicate the significant differences 
between the values of the sham-exposed control group (hatched bars) and the exposed group (cross-hatched bars) * p <■ 0.05: p < 0.01; 

< 0.001. The results of the CMH lesi are given separately for score and distribution; therefore, some of the significance levels for combined testing, 
as given in Table V, are different from those of separate testing, as given here* Cell axis: b = basal: s - suprabasal, m - medial zone: a = apical 
zone; c = ciliated; g = goblet: h — nonciliated: gl m gland: gd - gland duct; sq = squamous. Epithelium axis: squam. * squamous; flOns- = 
nonsensory; respir- = respiratory; cub = cuboidal. Site axis: v. meat. - ventral meatus: lam. p = lamina propria: nasol. duct « nasolacrimal duct. 
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CK 18 


CK 19 


Fig 6.—RASS-induced CK expression changes ai NL2 in rats. The mean values and standard errors art given for the intensity scores (positive 
columns) and staining distribution (negative columns) of each cell type in each epithelial evaluation area. Asterisks indicate the significant differences 
between the values of the sham-exposed control group (hatched bars) and the exposed group (cross-hatched bars). * p < 0.05: •• p < 0.01. The 
results of the CMH test are given separately for score and distribution: therefore, some of the significance levels for combined testing, as given in 
Table V. are different from those of separate testing as given here. Brackets indicate results not included in our comparison; only a small number 
of sections could be evaluated because of interference from background staining. Cell axis: b - basal: s = suprabasal: m - medial zone: a = 
apical zone; c = ciliated: g * goblet; gl gland, gd - gland duct: sq = squamous Epithelium axis squam. = squamous: nons. = nonsensary; 
tarn pro * lamina propria; olf. epith - olfactory epithelium: V p - lamina propria; sq. = squamous: resp. e. = respiratory epithelium. Site axis, 
v. meat. « ventral meatus: olf region = olfactory region: NL duct - nasolacrimal duct. 
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Fig. 7 —RASS-induced CK expression changes ai trachea) nngs m 
rats The mean values and standard errors are given for the intensity 
scores {positive columns) and staining distribution {negative columns) 
of each cell type in each epithelial evaluation area. Asterisks indicate 
the significant differences between the values of the sham-exposed con¬ 
trol group {hatched bars) and the exposed group {cross-hatched bars). 
* p < 0.05, The results of the CMH test are given separately for score 
and distribution, therefore, some of the significance levels for combined 
testing, as given in Table V. are different from those of separate testing, 
as given here Cell axis: b = hasai; c » ciliated; g - goblet: gl - gland: 
gd “ gland duct. Site axis: iam. pro. = lamina propna. 


pression occurred in the ciliated respiratory epithelium 
of NL1. Expression of CK15 increased (from weak-dis- 
tinct/focal to intense/patchy) in the nonciliated cells in 
areas D and E. including a very pronounced staining of 
the squamous meiaplasiic cells (Fig. 2c, d). A slight de¬ 
crease in the distribution of CK18-positive basal cells 
was seen in the low cuboidal epithelium of the maxil- 
loturbinate and lateral wail (area D). 

CK Changes Not Correlated with Histomorphological 
Changes. At NL1 (Table IV and Fig. 5). CK expression 
but no alterations in CK expression were found for CK1 
and 10/11. Statntng for CK4 was always negative in 
nasal epithelia. For CK15, a slight decrease was seen in 
the basal cells of the respiratory epithelium lining the 
lower part of the septum and of the maxilloturbinate on 
the opposite side (area B) The focal staining of supra- 
basal cells in the squamous epithelium of the ventral 
meatus (area A) for CK13 decreased slightly in its in¬ 
tensity, For the adnexes of the nasa] cavity, in the VNO 
(area B> a strong increase in CK19 expression was seen 
for the basal cells of the nonsensory epithelium (7 of 8 
RASS-exposed rats had distinct to intense/diffuse stain¬ 
ing, whereas only 1 of 8 control rats had distinct/patchy 
staining) (Fig. 2k, 1); in the nasolacrimal duct (NLD), a 
decrease in the staining of Squamous cells for CK7 was 
observed 

At NL2 (Table V and Fig. 6), no alterations in CK 
expression were found for CKl. 10/11, CK4, and CK15. 




FtC. SRASS-induced CK expression changes at lung LI in rats 
The mean values and standard errors are given for the intensity scores 
(positive Columns) and staining distribution (negative columns) of each 
cell lype in each epithelial evaluation area. Asterisks indicate the sig¬ 
nificant differences between the values of the sham-exposed control 
group (hatched bars) and the exposed group (cross-haiched bars). *p 
< 0.05. The results of the CMH lest are given separately for score and 
distribution; therefore, some of the significance levels for combined 
testing, as given m Table V. are different from those of separate testing, 
as given here, e.g . for CK7 in bronchiolar ciliated cells the difference 
is only significant in combined testing. Cell axis; a = all cells: b = 
basal, c - ciliated: n = nonciliated. Epithelium axis; mes. = mesoihe- 
lium: bronchiol. = bronchiolar: lerm- br. = terminal bbonchiolar; alv. 
— alveolar. 


The staining for CKl4 in the respiratory epithelium of 
the nasal cavity and the NLD and the nonsensory epi¬ 
thelium of the VNO were excluded from evaluation 
(brackets in Fig. 6) because of interferences with a non- 
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Table IV —Changes in CK expression patterns ai ral NLt, panmoned by arta/'sile, epithelium type, and cell ivpe 


CK 

Ventral 

meatus; 
stratified 
squamous, 
suprt basal 



MasiJiolurbinate 


Lateral wajl, 
naso turbinate, 
respiratory. cuboidal 

Vomeronasal organ. 

Nasolacrimal 

duel. 

stratified 

squamous 

squamous 

respiratory. 

ciliated, 

Respiratory. cuboidaf 

Respiratory. 

basal 

Basal 

None dialed 

basal 

Basal 

Noncihated 

basal 

CK 1 










CK 13 

* 









CK54 



TTT- 

nt. 


TT- 

TTT- 



CK 1 5 


x 


TTT* 

i 


TTT- 



CKIB 






1< 




CKI9 








TT . 



•' Alteration ivilh histopathologic*! correlate, i.e.. reserve cell hyperplasia and squamous metaplasia. CMH Lest: a = p - 0.05. ii. TT = p < 0.01. TTT = p <z 0.001 


specific nuclear staining in a high proportion of the sec¬ 
tions; similar problems also occurred in the olfactory 
epithelium. In Bowman’s glands in the olfactory sub- 
mucosa (area I), weak to intense/focal staining forCK14 
was observed in 4 of 8 exposed rats; the control rats 
were all negative (Fig 3c, d). For CK18, increased ex¬ 
pression was seen in the submucosal gland cells of the 
septal region (area G) (Fig. 3e. 0. for the mid and apical 
zone of the olfactory epithelium (area H) (Fig. 3a, b), 
and for the ciliated cells of the nonsensory epithelium 
of the VNO (area B) (Fig. 3g, h). Expression of CKI9 
decreased in the transitional epithelial cells between the 
squamous epithelium of the ventral meatus (area A) and 
the ciliated respiratory epithelium of the lower septum 
(area C) and maxilloturbinate (area D) and in the basal 
cells of the ciliated respiratory epithelium of area C and 
the NLD (area J). Expression of CK7 was enhanced in 
the basal cells of area C and decreased in the basal cells 
of the nonsensory epithelium of the VNO. Furthermore, 
CK7 was slightly increased in the ciliated cells of the 
nonsensory epithelium of the VNO, in the ciliated cells 
of the respiratory epithelium lining the maxilloturbinate, 
lateral wall, and nasoturbinate, and in the columnar cells 
of the NLD. Expression of CK13 was enhanced in the 
glands and gland ducts of the septal submucosa and was 
newly expressed in the basal and ciliated cells of the 
maxilloturbinate, lateral wall, and nasoturbinate. CK13 
expression was enhanced in the basal zone of the olfac¬ 
tory epithelium, 

In the trachea (Table VI and Fig, 7), expression of 
CK15 was enhanced in the ciliated cells of the respira¬ 
tory epithelium (Fig. 4c. d); in the gland cells of the 
submucosal glands, a decrease in CK15 staining was 
seen for the RASS-exposed rats. No exposure-related 


CK expression changes were seen in the tracheal ring 
for the other CK antibodies or in the tracheal bifurcation 
for all antibodies. 

In the lung (Table VI and Fig 8). the expression of 
CK7 was enhanced in the basal cells of the epithelium 
lining the bronchtoli of RASS-exposed rats (Fig. 4g. h). 
A slight decrease in CK8 staining in the noncihated 
(Clara) cells of the bronchus was also observed (Fig. 4e, 
f). The expression of the other CK polypeptides was 
unaltered in the lung following RASS inhalation. 

Discussion 

Rationale 

Using (his method (26, 27) for the first time in a short¬ 
term RASS inhalation study, we were able to demon¬ 
strate multiple changes in CK expression patterns in the 
upper and lower respiratory tract of rats in serial par¬ 
affin-embedded sections obtained from routine histopa- 
thology. As expected, CK expression was altered at the 
sites where histomorpbological changes (reserve cell hy¬ 
perplasia and squamous metaplasia) occurred. At the 
RASS concentration used in this study, the changes were 
observed only in the cuboidal pseudostratified respira¬ 
tory epithelium of the maxilloturbinate. lateral wall, and 
nasoturbinate at NL1. The site and severity of the his- 
tomorphological changes observed is consistent with 
published data on the effects of short-term exposure to 
ADSS at comparable TPM concentrations (2, 5, 6). 
Based on our investigations and published data, the 
changes, which reversed completely even after sub¬ 
chronic inhalation (1. 6) or after inhalation exposure to 
mainstream smoke (MS) (equivalent biological effects 
are elicited by approximately the 3-4-fold TPM con- 


Table V.—Changes in CK expression patterns ai rai NL2. partitioned by area/si(e. epithelium type, and cell type/Iocation 


CK 

Ventral 

meatus: 

transi¬ 

tional. 

non* 

ciliated 


Septum 


Laicrt 

maaihoi 

] wait 

urbmaie: 

>, ciliated 

Dorsal 

meatus 


Vomeronasal organ, 
nonsensory. cihated 

Nasolacrimal duct, 
re spiral a ry 

Respira¬ 
tory. ciliat¬ 
ed; b***J 

Submucosal glands 

Ol Factor) 


Submuco¬ 
sal gland, 
gland 

Gland 

Gland 

duel 


Mid 

Basal zone zone 

Apicfci 

zone 

Basal’ 

Ciliated 

Basal 

Ciliated 

Basal 

Columnar 

CK1 


T 

T 



T 




i 

T 


t 

CKI3 



TT 

T 

TT 

T 

TTT 







CKU 


n.d. 



n.d. 

n.d 


1- 

TT 

n-d. 

n.d. 



CK 18 







T 

T 



TT 



CKI9 


ii 










a 



Abbreviation: n.d = not done < technical problems). 

J Results questionable due lo technical problems. CMH test ?. i = p < 0.05: ii. = p < 0-01- TfT = p < 0.001. 
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Tablf VI —Alteration in CK expression in rai irechea uid lung, par- 
Litioned hy organ, area/sjie. epithelium lypc. and cell lype 



Trachea, ring, level 1 

Lung 

1 Icfl ) 

CK 

Respirtiory. Submucosal 

ciliated. glands, 

ciliated gland celjs 

Bronchus. 

bronchial 

nonoiiaied 

Bronchioli. 

bronchioiar. 

basal 

CK7 

CKS 

CK 15 

T' U 

X 

IT 

CMH icsi 

* = p < 0 05. ♦+ * p < Q01. 




centraiion of MS as compared to 5S) at concentrations 
as high as 250 mg TPM/m' (22. 33), can be regarded as 
adaptive responses to irritant stress (3. 38). Additionally, 
enhanced cell proliferation, which also reversed com¬ 
pletely, was reported (1. 6) 

In addition to these CK expression changes with bis- 
lomorphological correlates, we observed various 
changes in CK expression at sites without correlates at 
NL1 and at NL2. tracheal ring, and left lung. Because 
exposure-induced altered cell differentiation, seen asCK 
expression changes, occurs without histomorphological 
correlates, such alterations in epithelial differentiation 
can be considered another valuable and sensitive end 
point, in addition to cell proliferation, complementing 
classical histopathology in inhalation studies. The rele¬ 
vance of such an end point in chronic inhalation studies 
remains to be proven. 



CK7 CKtS CK14 CK1S CXH OKI* 



CK7 CKTS CXH CXH CXl» 


Fig. 9.—Schematic representation of evaluation areas with significant 
CK expression differences between control and RASS-exposed rats ai 
NL1 1 upper rowj and NL2 (lower row). No differences were seen for 
CK 15 al NL2. 


Methodological Aspects 

As a prerequisite for the analysis of CK expression 
changes, we determined the normal CK expression pat¬ 
terns at representative sites of the rat respiratory tract 
using a combined approach of individual scoring and 
mapping (26). On this basis, the statistical comparison 


Table VJI.—Reproducibility of CK staining and evaluation in a group of 8 unexposed female rais. Two serial sections al level NL2. antibody 
LLG02 irat CKI4|. were stained and evaluated at differem time poiffli 


Area 

Epithelium 

Cell type 




Intensity (mean 

- SEl 



— 

Distribution (mean z SEj 


Section 15‘' 

Sccuon 1J * 

Test- 

Section 15 

Section J1 

Tesr 

A 

squamous 

basal 

3 0 

* 

0.0 

30 

- 

0.0 

n.d. 

2.9 


0 1 

3.0 


o.o 




suprabasal 

2.9 

z 

0.1 

3.0 

•z 

0.0 

n.d. 

2.3 

* 

0.2 

2.3 

z 

0.2 

nd. 

B 

sensory 

basal zone 

! J 

z 

0.5 

3.0 

r 

oo 

* * 

0.5 

I 

0.3 

1.0 

Z 

00 

• 



mid iOnc 

0.0 

z 

0.0 

0 0 

z 

0.0 

n.d. 

0.0 

i 

0.0 

0.0 

z 

0.0 

n-d. 



apical zone 

0.0 

z 

0.0 

0.0 

z 

0.0 

n.d. 

0.0 

z 

0.0 

0.0 

z 

00 

nd 


nonsensory 

basal 

3.0 

z 

0.0 

3.0 

z 

0.0 

n.d. 

1.4 

z 

0.2 

u 

z 

0.1 

n-d. 



ciliated 

0.0 

z 

0.0 

0.5 

z 

0.3 

n.d. 

0.0 

z 

00 

0.4 

- 

0.2 


c 

respiratory 

basal 

1 9 

z 

0.5 

1.6 

z 

0 3 

n.d. 

0.8 

z 

0.2 

1.0 

z 

0.2 

n.d. 



c tl igted 

0-0 

z 

0-0 

0.0 

z 

0.0 

n.d. 

0.0 

z 

0.0 

0.0 


0.0 

n.d 



goblei 

0.0 

z 

0.0 

0.0 

z 

0.0 

n.d. 

0.0 

z 

00 

o.o 

z 

o.o 

n-d. 

D 

respiratory 

basal 

0.0 

z 

0.0 

1.8 

z 

0.3 


00 

z 

00 

0.9 

z 

O.l 

• 



cdiited 

00 

z 

0.0 

0.0 

z 

0.0 

n.d. 

0.0 

z 

00 

0.0 

* 

0.0 




goblet 

00 

z 

0.0 

0.0 

z 

0.0 

n.d. 

0.0 

z 

0.0 

0.0 

Z 

0.0 

n.d. 

E 

respiratory 

basal 

2 t 

z 

0.4 

2.4 

z 

02 

n-d 

1.4 

z 

0.3 

1.6 

z 

0.2 

n.d 



ciliated 

00 

z 

00 

0.0 

z 

0.0 

n.d. 

0.0 

r 

0.0 

0.0 

z 

0.0 

n.d. 



goblet 

0.0 

z 

o.O 

0.0 

z 

0.0 

n.d 

0.0 

z 

0.0 

0.0 

z 

0.0 

n-d. 

F 

respiratory 

basal 

1 5 

z 

0.6 

3.4 

z 

0.2 

n.d. 

0.5 

z 

0.2 

1.0 

z 

0.0 

■ 



ciliated 

00 

z 

00 

0.0 

z 

0.0 

n.d. 

0.0 

r 

0.0 

0.0 

z 

0.0 

nd 



goblet 

0.0 

z 

00 

00 

z 

0.0 

n.d. 

0.0 

T 

o.o 

00 

z 

00 

n-d. 

C 

lamina propna 

gland 

O 8 

z 

0,5 

0.6 

z 

0-4 

n.d 

0.3 

z 

0.2 _ 

04 

Z 

0.2 

n.d. 



gland duel 

1 1 

z 

0.5 

0.5 

z 

0,3 

n.d 

04 

z 

0.2 

0 4 

z 

0.2 

n.d. 

H 

olfacTory 

basal zone 

3.0 

z 

0.0 

2.9 

z 

0 1 

n.d. 

3.0 

z 

0.0 

3.0 

z 

0.0 

n-d. 



mid tone 

00 

z 

0.0 

00 

z 

0.0 

n.d. 

0.0 

z 

o.o 

0.0 

Z 

0.0 

n-d. 



apical rone 

00 

z 

0.0 

0.0 

z 

0.0 

n.d. 

0.0 

z 

0.0 

0.0 

Z 

00 

n.d 

1 

lamina propna 

gland 

04 

z 

0.4 

0.8 

z 

0.3 

n.d. 

0.1 

z 

0.1 

0.4 

Z 

0.2 


) 

squamous 

alt cells 

1.0 

z 

1.0 

2.5 

z 

0.4 

n.d 

1.3 

z 

0.7 

1.8 

z 

0.2 

nd. 


respiratory 

basal 

3 0 

z 

0 0 

30 

z 

0.0 

n.d. 

1.8 

± 

0.2 

1.6 


0.2 

n.d. 

_ 


columnar 

\ .5 

z 

0.6 

2.6 

z 

0.2 

n.d, 

0.5 

z 

0.2 

1.0 

z 

0.0 

• 


‘ Staining aj*d evaluation July 1996 by person 1 
* Staining and evaluation November 1997 by person 2. 

■ CMH test, n.d = no difference. * p < 0 05; •• p < O.OL ■•"/?< 0.001 
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Table VIII.—-Reproducibility of CK staining and evaluation in 2 independent experiments in which section level NL). antibody Ks8.I2 trai 
CKI5 j. were stained and evaluated ai different time points in 2 groups of 8 unexposed female rats. 


Area 

Epithelium 

Cell lype 

Intensity 

i mean - SEj 


Distribution (mean z SE' 


Exp 1" 

Exp. 2" 

Test 

Exp 1- 

Exp 2' 

Test 

A 

squamous 

basal 

3.0: 0.0 

3.0 z 0.0 

n.d. 

3.0 — 0.0 

2.9 z Q.J 

nd 



supra basai 

3.0 r 0.0 

3 0 r 0-0 

n.d. 

3.0 z 0.0 

2 9 z 0.1 

n.d. 

B 

sensorv 

basal zone 

0 ! 5 0.1 

0 9 Z 0.6 

ft d. 

0.1 e 0.1 

0 4 = 0.3 

nd. 



mril zone 

0.0 z 0.0 

0.3 r: 0.3 

n.d. 

0.0 - 0.0 

0.1 r 0 1 

n.d. 



apical zone 

00 - 00 

0 0 z 0.0 

n.d 

0,0 - 0.0 

0.0 - 0.0 

n.d, 


nonscnsor> 

basal 

2 4 z 0.4 

2.9 r 0 1 

n.d 

J .4 z 0.3 

1.8 z 0.2 

n.d. 



ciliated 

16 z 0.2 

2.8 r 0-2 

-* 

1.8 Z 0.2 

l 4 z 0.2 

n.d. 

C 

respiratory 

hasaJ 

3 0 ± 0.0 

3.0 = 0.0 

n.d. 

2.8 i 0.2 

2.3 r 0.2 

nd. 



ciliated 

0.3 r 0.2 

0.8 r 0.4 

n.d. 

o.i r o i 

0.4 i 0.2 

n.d. 



goblei 

0.0 z 0.0 

0.0 = 00 

n.d. 

o.o ; o.o 

0.0 r o.o 

n.d, 

0 

respiratory, ciliated 

basal 

2.4 z 0.4 

3 0 z o.o 

n.d. 

2.3 Z 0.4 

2.3 z 0.2 

n.d. 



ciliated 

0-3 - 0.3 

0.6 r 0 4 

n.d. 

o.i : o i 

0.3 z 0.2 

n.d 



goblet 

0.0 - 0.0 

0.0 ; 0 0 

n.d. 


0.0 r 0 0 

n.d. 


respiraiory. cuboidaJ 

basal 

2.6 z 0.4 

2.9 z 0.1 

n.d. 

2! Z 0 4 

2.3 : 0.2 

nd 



nonciliated 

1.3 = 0.3 

19 = 0.3 

nd, 

O S Z 0.2 

1.0 Z 0.2 

n.d. 

E 

respiratory, ciliated 

basal 

2.9 z 0.1 

3.0: 0.0 

n.d. 

2.6 : 0.2 

2.3 z 0.2 

n.d. 



ciliated 

0.0 z 0.0 

0.5 r 0.3 

n.d. 

o.o z o.o 

0.3 Z 0.2 

n.d. 



goblet 

0 0 ; 0.0 

0.0 : 0 o 

n.d. 

0.0 e 0.0 

0.0:00 

n.d. 


respiratory, cuboida! 

btul 

3.0 ; o.o 

1.9 r 0.1 

n.d 

2.6 Z 0.2 

2.3 r 0 2 

n.d. 



nonciliated 

1.9 Z 0.4 

2,0 : 0.3 

n.d. 

1.1 r 0.2 

0.9 z 0.1 

n.d- 

F 

lamina propria 

gland 

0.0 z o.o 

1.0 Z 0.5 

n.d. 

wmiTiH 

0.4 Z 0.2 

n.d- 



gland duct 

0.3 r 0.2 

1.0 z 0.5 

n.d. 

0.1 ± 0.1 

0.4 z 0.2 

n.d. 

G 

squamous 

all cells 

3.0 * 0.0 

3.0 ± 00 

nd. 

2.9 z 0.1 

3.0 - 00 

n.d 


respiratory 

basal 

3.0 e 0.0 

3.0 : 0.0 

n.d. 

2 8 i 0 2 

2.9 r 0.1 

n.d- 



columnar 

2.8 = 0.2 

2.6 z 0.2 

n.d. 

2.5 z 0,2 

2.9 ± 0.1 

n.d. 


Experiment l. 35-wk-old rats, antibody dilution and detection system as described: evaluation January 1995. 

' E*psniTKin 2 \ 54-wk-o)d rats, antibody dilution l - 30. Dane Optimized Staining sysiem. evaluation November J996. 
- CMH lest n.d - no difference. mm p < 00 J 


of RA55-exposed vs nonexposed rats was performed. 
Here, we focus on the differences between the 2 groups. 
The discriminative power of the comparison (CMH test) 
is demonstrated by the following 2 examples for the 
significance level of p £ 0.05. The significant decrease 
in CK19 expression in the transitional epithelial cells of 
the ventral meatus at NL1 was calculated from the fol¬ 
lowing scores: 2 of 8 rats in the control group had in- 
tense/focal (3/1 > scores, whereas 8 of 8 exposed rats 
were negative. The significant increase for CK7 staining 
of ciliated cells at the rnaxjlloturbinate, lateral wall, and 
nasoturbinate was calculated from the following scores: 
in the control group, 1 of 8 rats had intense/patchy (3/ 
2) scores, whereas in the exposed gToup, 4 of 8 rats were 
positive. 2 rats had scores of 3/2. and 2 rats were dis- 
tinct/focal (2/1), To avoid bias by confounders, such as 
different localization within the level corridor for the 
rats with different findings, the histological sections 
were rechecked for all significant differences. For ex¬ 
ample. the highly significant (/> s 0,00J) increase in 
CKl 9 staining of basal cells in the nonsensory epithe¬ 
lium of the VNO at NL1 was considered independent 
of the size and shape of the VNO, which shows large 
interindividual variations within this level. 

The reproducibility of the staining and evaluation pro¬ 
cedures is shown in Table VII (intraexperimental repro¬ 
ducibility) and Table VIII (imerexperimental reproduc¬ 
ibility). Although the evaluations were separated by I- 
2 yr, there is essential concurrence between the results 
from duplicate sections from the same rats and between 
the results from 2 independent studies. Obviously, the 
few differences in the section-to-section comparison oc¬ 
curred where the findings were focal and thus may not 


have appeared in the other section, which was at least 
20 p.m away. However, in our comparisons of unexpo- 
sed and exposed rats, all slides of a given antibody stain¬ 
ing series were stained together and evaluated by 1 per¬ 
son. 

Changes in CK Expression Associated with 
Hyperplasia and Squamous Metaplasia 

Following exposure, the basal cell marker CK.14 was 
enhanced in the epithelium exhibiting hyperplastic and 
metaplastic changes (Table IV, the changes with histo- 
morphological correlates are indicated). The suprabasal 
cells (including squamous cells) were also stained (Fig. 
2c, d, g. h and Fig. 4a, b), as reflected by the increased 
intensity and distribution scores for nonciliated cells. 
CK15 expression was enhanced at the same sites only 
in nonciliated cells and not in the basal cells, probably 
because in the basal cells the expression level was al¬ 
ready high in the control rats (Fig. 2c). 

Corresponding with enhanced basal cell marker ex¬ 
pression. the distribution score for the simple epithelial 
CKl 8-positive basal cells decreased slightly in these ep¬ 
ithelial areas. The expression of the basal cell marker, 
CKl5, in squamous metaplasia has also been reported 
for the human uterine cervix (31). In contrast to the 
cuboida] respiratory epithelium, the ciliated respiratory 
epithelium exhibited a decrease in CKl5 in basal cells. 
Unexpectedly, the squamous markers, CKl and 10/11 
for cornified and CK4 and CKl 3 for noncornified squa¬ 
mous epitheha, did not stain in the squamous cells in 
the nasal respiratory epithelium with' metaplasttc 
changes with 1 exception: in 1 exposed rat, a few squa¬ 
mous cells positive for CKl and 10/11 were seen on the 
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tip of a single nasoturbinate (data not shown): this dif¬ 
ference from the control group was not statistically sig¬ 
nificant. For squamous metaplasia induced in the rat tra¬ 
chea by vitamin A deprivation, the expression of CK1 
and 10/11 has been demonstrated preceding and accom¬ 
panying histologically visible metaplastic changes (13). 
Mainstream cigarette smoke at presumably high concen¬ 
trations, although not exactly specified, induced slight 
damage, i.e.. hyperplasia and hypertrophy, in the tra¬ 
cheal epithelium (32). whereas squamous metaplasia 
was only induced in combination with vitamin A defi¬ 
ciency (18, 30). 

Changes in CK Expression without 
Histomorphological Correlates 

At NL1 but not at NL2, a slight decrease in CK13 
intensity in the focally stained suprabasal cells was seen. 
A decrease in CK13 and CK4 expression concomitant 
with increased CK.1 and 10/11 expression preceding ker- 
atinization in the human lung has already been described 
(21). Increased CK13 expression was seen in submu¬ 
cosal gland cells (concomitant with increased CK7 and 
CK18) and in gland ducts. In several exposed rats, focal 
OKI3 staining of basal and ciliated cells of the lateral 
wall and turbinates was seen, whereas control rats were 
always negative. The appearance of CK 13-positive basal 
cells in the olfactory epithelium of 7 exposed rats (only 
1 control rat was positive) is noteworthy because of the 
possible application of CK13 as an intermediate bio¬ 
marker In addition. CK18 was increased in the mid and 
apical zones; the cell type stained is most probably the 
sustentacular cell (26). With regard to the intermediate 
biomarker concept (16). using ceil proliferation as a bio¬ 
marker. other workers have reported a decrease in DNA 
synthesis in this epithelium following a 5-day exposure 
to comparable or lower concentrations of ADSS (1). 
These investigators also did not observe histomorphol- 
ogical changes. Such changes can indeed be induced 
when using much higher concentrations of MS. For ex¬ 
ample. smoke-induced atrophy in the olfactory epithe¬ 
lium has been reported following exposure to 249 mg 
TPM/m 3 (22); however, no intermediate biomarkers 
were investigated. 

In the adnexes. NLD and VNO, there were no histo- 
morphological changes. Nonetheless, changes in CK ex¬ 
pression patterns were observed in RASS-exposed rats; 
the significance of these changes for the intermediate 
biomarker concept remains to be investigated. The NLD 
is an important site of origin for spontaneous squamous 
cell carcinoma of the rat nasal cavity (29); however, no 
alterations in cell differentiation have been reported to 
date The occurrence of CK alterations in the mucous 
glands of the septal submucosa, in Bowman’s glands, 
and in the VNO and NLD is of interest because these 
epithelial structures are not in direct contact with the 
inhaled substances. Systemic effects have been reported 
following intraperitoneal administration of nitrosamines, 
e.g. T the formation of nitrosamine 4-(A r -methyl-iV-nitro- 
soamino)-l-(3-pyridyl)-l-butanone adducts in Bow¬ 
man's glands and in basal and sustemacular cells of the 
olfactory epithelium (34-36). 


In the tracheal epithelium, the increase in CK15 stain¬ 
ing intensity of the focally stained ciliated cells in ex¬ 
posed rats was observed only at the tracheal nng and 
not at the bifurcation. A possible explanation for no in¬ 
crease in staining at the bifurcation is that the CK15- 
positive cells may already be at maximum staining in¬ 
tensity in the control rats. The alteration of CKI5 ex¬ 
pression in the tracheal respiratory epithelium differs 
from that in the nasal respiratory epithelium; in the nasal 
epithelium, the expression increased in nonciliated cells 
of the cuboida] epithelium and decreased in the basal 
cells of the ciliated epithelium, whereas expression in¬ 
creased in the ciliated cells of the ciliated tracheal epi¬ 
thelium. This comparison underlines the physiological 
heterogeneity within morphologically similar epithelia 
in the rat respiratory tract. 

In the lung, the few differences in CK expression fol¬ 
lowing RASS exposure were seen only in the airways, 
not in the alveolar parenchyma. Our finding of increased 
CK7 expression in basal cells of the bronchiolar epithe¬ 
lium is consistent with increased DNA synthesis in this 
epithelial compartment observed following 5 days of ex¬ 
posure to 10 mg TPM/m- 1 ADSS (1). In that study, no 
effect was found in bronchial and alveolar epithelium. 
Subchronic inhalation of fresh SS (1) rag TPM/L) did 
not elicit enhanced expression of the heal shock protein. 
HSP-70, in the ferret lung (39). Histologic alterations, 
e g., increased epithelial thickness, were seen in the rat 
bronchus after inhalation of MS at a high concentration. 
205 mg TPM/m 3 (23i. Previously reported alterations of 
CKlfi and CK19 in alveolar type 1 and type n cells 
following bleomycin instillation (28, 40) Of irradiation 
(19) occurred under conditions of repair following con¬ 
crete injury of the tissue, which caused massive histo- 
morphological changes. In the irradiation study (19), ex¬ 
pression of CK4 and enhanced expression of CK7 in 
bronchial epithelium of irradiated rats was observed. 

Conclusion and Outlook 

In the present study, changes in the cytoskeletal dif¬ 
ferentiation of respiratory epithelial cells at NL1 were 
detected using CK immunohistology on serial paraffin- 
embedded sections in combination with a detailed in¬ 
dividual scoring and mapping procedure. Using RASS 
as an experimental surrogate for ETS, CK expression 
changes were seen with and without histomorphological 
correlates. The histomorphological changes were in¬ 
duced at sites where histopathological changes usually 
occur. The CK expression changes without histomor- 
phological correlates were seen at additional epithelial 
sites, e.g., in the ventral meatus and at the septal respi¬ 
ratory epithelium and olfactory epithelium in the dorsal 
meatus of NL2 and in the tracheal wall and the airways 
of the lung Alterations in CK expression were also ob¬ 
served in the adnexes of the nasal cavity, i.e., VNO and 
NLD. The local CK expression changes were hetero¬ 
geneous and involved a respresentative spectrum of CK 
polypeptides as recognized by the antibody panei. Initial 
findings suggest that CK expression changes in respi¬ 
ratory tract epithelia] cells could be a sensitive marker 
for cellular stress response. To understand the biological 
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relevance of these differentiation changes, their possible 
relationship to irreversible and/or neoplastic tissue al¬ 
terations must be investigated. It will be of interest to 
see whether and at which sites the changes in CK ex¬ 
pression patterns seen during the early adaptive phase 
following short-term exposure to RASS persist and/or 
differ after chronic RASS exposure. CK expression pat¬ 
terns have been investigated in a long-term inhalation 
study (Schlage et al, in preparation). 
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